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Abstract

Uranium-zirconium alloys are being investigated for use in ultrahigh burn-up, metallic 

inert matrix nuclear fuels. Characterization of these alloys in the transmission electron 

microscope with spatial resolutions that are inaccessible by other techniques shows that 

the orthorhombic and hexagonal phases coexist in an as-cast uranium-rich U-

10wt.%Zr alloy. Analyses reveal the chemistries of and crystallographic relationship 

between the two phases.
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Inert matrix fuels (IMF) [1-4] are advanced nuclear fuel forms that can provide higher 

burn-up than current fuel forms, making them a promising alternative for future-

generation nuclear power reactors. One of the alloy systems being considered as metallic 

fuel in the IMF design is U-Zr. Uranium-rich U-Zr alloys provide a combination of 

excellent properties that make them strong candidate alloys for metallic actinide fuels: a 

low thermal neutron cross-section, improved corrosion resistance, and enhanced 

dimensional stability under irradiation and thermal cycling at elevated temperatures [5]. 

Of key importance to the development of metallic actinide fuel materials for IMF designs 

is an understanding of the thermodynamics and kinetics of fuel phase stability and

evolution under  both thermal and irradiation conditions through structural 

characterization.

The U-Zr equilibrium phase diagram [6-9] shows that at temperatures below

~610°C, uranium-rich U-Zr alloys consist of a two-phase structure of orthorhombic -

uranium with limited zirconium solubility and the hexagonal, zirconium-rich

intermetallic  phase (UZr2). Early studies of as-cast uranium-rich U-Zr alloys [10-12]

indicated the coexistence of the two equilibrium phases at room temperature, but no 

experimental evidence was provided. A two-phase precipitate structure consisting of

small globules and rods in as-cast U-Zr alloys of 5, 10, and 20wt.%Zr was reported [10]. 

There has been no experimental evidence provided for the coexistence of the  and 

phases in as-cast uranium-rich U-Zr alloys, despite numerous studies using a variety of 

techniques [13-18], including X-ray diffraction (XRD) analysis, optical microscopy, 

scanning electron microscopy (SEM), and dilatometry. The absence of the  phase has 

been attributed to sluggish kinetics due to low interdiffusivity in U-Zr solid solutions
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[19,20], resulting in only Zr-supersaturated  phase at room temperature in as-cast alloys 

from 2–10wt.%Zr [14-18]. The presence of the  phase in uranium-rich U-Zr alloys has 

only been observed after prolonged anneals (hundreds to thousands of hours) at elevated 

temperatures [17,18], and it has been concluded that the formation of  phase in as-cast 

uranium-rich U-Zr alloys is highly unlikely [17].

The present study was focused on assessment of the thermal stability of as-cast 

uranium-rich U-Zr alloys prior to irradiation studies, in order to distinguish between the 

two effects when considering their potential use as metallic fuel in the IMF design. 

Structural characterization was conducted using the high spatial resolution of the 

transmission electron microscope (TEM), and it will be shown that the  and  phases 

coexist in a fine-scale structure in the observed as-cast uranium-rich U-Zr alloy.

A uranium-rich U-Zr alloy of 10wt.%Zr (U-10Zr) was produced using crystal bar 

zirconium and pieces of depleted uranium that were washed in nitric acid to remove the

surface oxide layer. The alloy was melt-cast in an yttria crucible under argon atmosphere 

in a high-temperature furnace. The sample was heated at a rate of 50°/min from room 

temperature to ~1900°C, where it was held isothermally for 1 h before cooling to room 

temperature at a rate of 30°C/min. The alloy slug was then flipped and melted again 

under the same conditions to ensure homogeneity. The final size of the cylindrical as-cast 

alloy was ~3 cm in length and 1.25 cm in diameter. The alloy was then sectioned and 

polished to a 0.05-µm finish for XRD analysis. XRD experiments were conducted with

an APD 3720 Philips XRD vertical goniometer using CuKradiation. TEM specimens 

were prepared by mechanical thinning to a thickness of ~200 µm, followed by 

electropolishing using a 10% perchloric acid/90% acetic acid solution at 15°C and a 
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voltage of 40 V. Conventional Ar+ ion milling was used to further thin the specimens if 

necessary. Samples were transferred directly to the TEM after electropolishing or ion 

milling, but a thin oxide layer will form on the TEM sample during this transfer. Samples 

were stored in a vacuum desiccator when not in the TEM and briefly ion milled again to 

remove surface oxide prior to reinsertion into the TEM. TEM analysis was conducted on 

a Philips CM300 FEG ST TEM operating at an accelerating voltage of 300 kV. The TEM

is equipped with a Gatan Imaging Filter (GIF) and a detector for energy dispersive 

spectrometry (EDS). EDS analysis was conducted using a 12 nm electron probe.

Figure 1 shows the experimental XRD pattern obtained from the U-10Zr alloy.

Inspection of the XRD data indicates that the alloy consists of the  phase only, as all of 

the diffraction peaks correspond to -U with the exception of a few weak peaks that are 

the result of surface oxide on the polished alloy sample (the positions and relative 

intensities of the diffraction peaks for -U, UZr2, and UO2 are provided in Fig. 1).

Notably absent are peaks that correspond to the -UZr2 phase. These XRD results are 

consistent with those of previous studies involving U-10Zr alloys [13,14,17]. However, 

also consistent with prior studies [13,14,17], optical and SEM micrographs revealed a

lamellar structure suggesting the presence of two phases. This lamellar structure was 

concluded to be the product of a monotectoid reaction ( and " transforming to ), with 

the lamellae consisting only of supersaturated  phase [13,14,17]. TEM analysis was 

conducted to further assess the nature of this lamellar structure.

Bright-field images of the as-cast U-10Zr alloy are presented in Figure 2, showing 

the morphology of the lamellar structure. The lamellae have an average peak-to-peak 

spacing of 73.9 ± 11.6 nm, as measured from line profiles across multiple bright-field 
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images [21]. Figure 2(b) shows that multiple variants of the lamellar structure are present 

in the alloy. Here, they are approximately orthogonal to one another, but multiple 

orientations between lamellar regions exist in the alloy. Determination of the orientations 

between these variants could potentially provide insight to the transformation mechanism 

from the high-temperature BCC  solid solution [6-9] to the observed lamellar structure.

Compositional analysis using EDS in the TEM revealed that the lamellar structure 

consists of the uranium-rich  phase and the zirconium-rich  phase. Figure 3 shows 

representative spectra from both the  and  phases (dark and light contrast, respectively, 

as labeled in the inset image). The average compositions of the  and  phases, measured 

in 10 distinct lamellae of each phase, were 99 (± 0.5) wt.%U, 1 (± 0.5) wt.%Zr and 58 (± 

4) wt%U, 42 (± 4) wt%Zr, respectively. Using the overall composition of the alloy

(10wt.%Zr) and the lever rule, the weight fractions of the phases were calculated to be 

~0.78  and 0.22 which, when combined with the densities of the two phases ( = 

19.05 g/cm3;  = 9.84 g/cm3 [9]), gives volume fractions of 0.65  and 0.35 , well 

within experimental error of what the phase diagram predicts at room temperature (0.66 

 and 0.34 ). This is also consistent with the lamellar widths of the two phases shown in 

the bright-field images of Figure 2. The EDS spectra in Figure 3 also display carbon and 

oxygen peaks. There may be small amounts of carbon and oxygen dissolved in the alloy, 

but the carbon peak is likely the result of hydrocarbons adsorbed to the surface of the 

specimen (introduced during sample preparation and contamination in the TEM) while 

the oxygen peak is likely due to a surface oxide on the TEM specimen, evident in 

diffraction patterns (see, for example, Fig. 4(b)).



6

The crystallography of the  and  phases and crystallographic relations between 

the lamellae were investigated using selected-area electron diffraction. Figure 4 provides 

experimental diffraction patterns acquired from two variants of the lamellar structure, 

along with matching simulated diffraction patterns showing the orientation between the 

lamellae and the zone axes in which the patterns were recorded. The experimental 

diffraction patterns confirm that the phases present were the orthorhombic  and 

hexagonal  phases (see Table 1 for crystallographic data of the two phase), and the 

orientation relationships between the two lamellar phases in Figure 4(a) and (b) were:

(a): (010)[100]�||(01�10)[0001]�

(b): (010)[001]�||(01�10)[21�1�0]�

These observed orientation relationships are the same, rotated 90° from one another about 

the [020] direction of the  phase ([01�10] direction of the  phase). The orientation 

relationship also reveals that the interface plane between the two lamellar phases consists 

of the (010)plane of the  phase and the prismatic (01�10)plane (m-plane) of the 

phase. It should be noted that within a single variant of the lamellar structure, all of the 

alternating lamellae of each respective phase are of the same orientation, with no 

indication of rotation, inversion, or twinning.

While the electron diffraction data verify that the  and  phases coexist with a 

distinct crystallographic relationship and the measured compositions are reasonable based 

on the equilibrium phase diagram and previous assessments of homogeneity ranges [7-

9,20,22], the Zr content in the  phase at room temperature was lower than what the 

phase diagram predicts and higher in -U than the maximum solubility even at 

temperatures of 500°C (0.09 wt.%) [23], indicating that the structure has not reached 
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equilibrium. The curved nature of the interfaces between the two phases, evident in 

Figure 2, provides further evidence of a non-equilibrium structure, as these interfaces 

would likely sharpen and straighten with increased time at temperature. However, based 

on the observations presented, the formation of the  phase in uranium-rich U-Zr alloys 

may not be as kinetically sluggish as previously suggested [14-18].

Finally, what accounts for the discrepancies between TEM observations and 

analyses and those of other characterization techniques that have been unable to detect

the  phase in as-cast, uranium-rich U-Zr alloys? As mentioned above, the XRD results in 

Figure 1 are consistent with those of previous studies [13,14,17] and indicate that the 

alloy consists of -U only, even though the volume fraction of  phase should be within 

the detection limits of XRD techniques. But within the 2 angular range spanned during 

XRD experiments, almost all reflections that correspond to the  phase overlap with 

either the -U phase or oxide. Upon closer inspection of the experimental XRD data in 

Figure 1, there appears to be a weak peak at ~72°, which could correspond to the  phase, 

but this cannot be stated conclusively. Another concern is the high linear absorption 

coefficients of uranium and uranium-rich alloys for X-rays with energies employed in 

XRD experiments. Using the TEM EDS measurements for the compositions and weight 

fractions of the  and  phases with the mass absorption coefficients of U and Zr [24] for 

CuK X-rays yields a weighted mass absorption coefficient of 290.1 cm2/g for the 

specimen. The average density of the sample was 17.02 g/cm3 based on the densities of 

the two phases and the measured weight fractions. Thus, 99% of the incident X-ray 

intensity would be absorbed in a surface layer that is only ~9 µm thick. Combined with 

the lower volume fraction and small size of the -phase lamellae, detection of those peaks 
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with little overlap is likely hindered by a combination of low intensity and experimental 

broadening effects. This could also help explain detection of the  phase in XRD patterns 

after long anneals [17,18], as the lamellar structure would coarsen over extended heat 

treatments, potentially alleviating some of these issues.

While optical and SEM micrographs suggested the presence of a two-phase 

structure, compositional analysis using EDS in the SEM is complicated by the large 

excitation volume of the electron probe in the specimen relative to the size of the 

lamellae. EDS chemical analysis of the same U-10Zr sample in the SEM measured a 

composition of ~4wt.%Zr, consistent with previous results [13,14,17] that suggest a 

supersaturated  phase. However, both the penetration depth and width of, for example,

20 keV electrons in a  U-10wt.%Zr alloy are ~0.5 µm based on calculations using 

empirical [25] and theoretical [26] expressions available in the literature. Clearly, the 

excitation volume spans multiple lamellae, leading to measurement of an “average” 

composition dependent on volume fraction. In contrast, thin foils and small electron 

probes in the TEM minimize these issues, allowing characterization of individual 

lamellae with high spatial resolution.

In summary, we have provided experimental evidence for the coexistence of the 

and  phases in an as-cast uranium-rich U-Zr alloy. Imaging, diffraction, and 

compositional analysis in the TEM all self-consistently reveal the fine-scale lamellar 

structure to be alternating  and  phases with a specific crystallographic relationship. 

TEM analysis is therefore crucial to properly characterize these nuclear fuels, particularly 

with fine-scale structures that require high spatial resolutions for accurate analyses.
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Tables

Table 1.  Crystallographic data for -U and -UZr2 [27].

Unit cell Space group Lattice constant (Å)
a b c

-U Orthorhombic Cmcm 2.854 5.870 4.956
-UZr2 Hexagonal P6/mmm 5.030 5.030 3.080
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Figures

Figure 1.  Experimental XRD data acquired from the as-cast U-10Zr alloy, with the 
positions of diffraction peaks for -U, UZr2, and UO2 (from the powder diffraction files).
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Figure 2.  (a,b) Bright-field TEM images of the as-cast U-10Zr alloy showing alternating 
lamella, with adjacent variants of the lamellar structure evident in (b).
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Figure 3.  Representative EDS spectra from the alternating lamella, indicating that the 
lamellar structure consists of the equilibrium  (dark contrast) and  (light contrast)
phases, as labeled in the inset image.



16

Figure 4.  Experimental (left) and simulated (right) selected-area diffraction patterns 
showing the orientation relationship between the  and  phases: (a) 

and (b) . These are the 
same orientation relationship, rotated 90° from one another about the [020] direction of 
the  phase. The diffraction patterns were obtained from different variants of the 
structure. The simulated patterns are indexed.


